The extraction of sulphur produces a hematite-rich waste, known as roasted pyrite ash, which contains significant amounts of environmentally sensitive elements in variable concentrations and modes of occurrence. Whilst the mineralogy of roasted pyrite ash associated with iron or copper mining has been studied, as this is the main source of sulphur worldwide, the mineralogy, and more importantly, the characterization of nanoparticles, in coal-derived roasted pyrite ash remain to be resolved. In this work we provide essential data on the chemical composition and nanomineralogical assemblage of roasted pyrite ash. XRD, HR-TEM and FE-SEM were used to identify a large variety of minerals of anthropogenic origin. These phases result from highly complex chemical reactions occurring during the processing of coal pyrite of southern Brazil for sulphur extraction and further manufacture of sulphuric acid. Iron-rich nanoparticles within the ash may contain high proportions of toxic elements such as As, 2 Se, U, among others. A number of elements, such as As, Cr, Cu, Co, La, Mn, Ni, Pb, Sb, Se, Sr, Ti, Zn, and Zr, were found to be present in individual nanoparticles and nanominerals (e.g. oxides, sulphates, clays) in concentrations up to 5%. The study of nanominerals in roasted pyrite ash from coal rejects is important to develop an understanding on the nature of this by-product, and to assess the interaction between emitted nanominerals, ultra-fine particles, and atmospheric gases, rain or body fluids, and thus to evaluate the environmental and health impacts of pyrite ash materials.
INTRODUCTION
Coal has been used in Brazil as solid fuel for thermoelectric generation for nearly 80 years (Pires and Querol, 2004) . According to the local coal industry syndicate of Santa Catarina State, the average run-of-mine coal production is 6 million tonnes/year, from which 3.5 million tonnes/year are rejected and disposed of in landfills (Marcello et al., 2008) . Brazilian coal is characterised by high proportions of sulphide minerals, pyrite and marcasite (Galatto et al. 2009; Lattuada et al. 2009; Marcello et al. 2008; Silva et al. 2009 ), and therefore the rejects from coal cleaning operations can be regarded as potential sources of sulphur.
In the early 1950s, the importance of sulphur increased in the world, primarily due to primarily an increasing demand for phosphate processing for agricultural purposes. In this context the Brazilian government, through Decree-Law No 631 of 16.06.1969 and in order to obtain benefit from pyrite in the coal, decided to create the Catarinense Carbochemical Industry S/A-(Indústria Carboquímica Catarinense or ICC in Portuguese), with operations based in the city of Imbituba (Figure 1 ).
The ICC plant used a Batac jig to produce around 76 tonnes/hour of pyrite concentrate (50% sulphur) from coal cleaning reject material typically containing 0.5 to 5% sulphur (Silva et al., 2010a ).
The pyrite concentrate was then heated to 900ºC to extract the sulphur (as SO 2 which was converted to sulphuric acid), leaving a residue consisting basically of iron oxide (mainly hematite) and containing <3% sulphur on average (Gaspetro, 2010) . In theory, this process is environmentally clean; the hematiterich waste, known as roasted pyrite ash, can be used as an iron ore in the steel, brick, paint and cement industries (Pérez-López et al., 2009 ). However, the iron oxide-rich residue contains significant concentrations of potentially polluting elements (e.g., Cu, S, Zn, Pb and As) that can be very mobile under environmental conditions, and this serves to reduce its applicability. Another residue from the overall process is phosphosgypsum (PG), a by-product of phosphate rock processing by wet-chemical treatment with sulphuric acid produced from the pyritic feedstock. This material contains significant concentrations of impurities such as P 2 O 5 and F (from the apatite in the phosphate rock), as well as radioactive elements, organic substances, secondary nanominerals, and ultrafine particles containing potentially toxic metals and metalloids (Silva et al., 2010a) .
Use of the ICC process served to decontaminate the coal mining area, avoiding for example the formation of acid mine drainage. However, on January 17, 1994, through Resolution No. 109 , the Executive Committee of the National Privatization Program approved the closure of the Catarinense S/A -ICC coal industry (Gaspetro, 2010) . Wastes from the process nevertheless still remain, stored in deposits located approximately 1 to 2 km from the Atlantic Ocean (Fig. 1) .
In a risk analysis by the regional government the ICC sulphuric acid plant in the Imbituba city industrial complex was identified as having residues with a poorly-known chemical nature, and about which little information was available on the threat posed to the environment. A program of continuous monitoring and control was therefore required during emplacement, construction and operation.
However, the company owning the industrial complex declared bankruptcy around twenty years ago and the site was suddenly abandoned. Many waste storage sites in Brazil are more vulnerable than other retention structures because of their location (in Santa Catarina State often situated near sensitive aquatic ecosystems), their unstable nature, and a poor to non-existent maintenance program (especially after closure of mining activities).
Other countries, such as Spain, France, Italy, Romania, Turkey and the USA, have produced sulphuric acid from pyrite, but there is little work in the current literature that attempts to assess the environmental risks associated with the by-products of this process. Pérez-López et al. (2009) undertook sequential extraction procedures on roasted pyrite ashes from Southern Spain to determine the mobility of a number of metals and asses the polluting capacity. Lin and Qvafort (1996) studied the content and mode of occurrence of Zn, Fe, Cu, Pb and Cd in roasted pyrite ash by means of SEM, EPMA and XRD and also conducted leaching tests to assess element their mobility. Whilst those studies dealt with roasted pyrite ash from processing sulphide ores, the present study has examined ashes derived from coal cleaning rejects. The different nature and purity of the pyrite ores may mean that roasted pyrite ash derived from coal preparation rejects has different characteristics to those reported for other such residues. To our knowledge, information regarding the composition and mineralogy of pyrite ash from coal cleaning rejects is limited. The present study has also identified a range of previously unrecognized nanominerals and ultra-fine particles, which that may contain elements with potential for adverse environmental or human health impacts.
The research discussed in this paper represents a preliminary study, aimed at evaluating the occurrence of nanoparticles in the wastes and whether they contain potentially toxic elements, by comparing the iron oxide waste obtained from heating of the pyrite to other wastes collected from the ICC site. It is hoped that the results will serve as a reference for similar studies in other countries where sulphuric acid has been produced from pyrite (Kawatra et al., 2002; Pérez-López et al., 2009; Rico et al., 2008a and 2008b; Zeilinski et al., 2010) . Given the extent of production of roasted sulphides and the limited literature available on their potential impact on the environment, the information presented in this paper (especially with regard to nanoparticles) may be of value in designing remediation strategies for roasted pyrite ash storage systems distributed around the world (Gupta et al., 1996; Kawatra et al., 2002; Lin and Qvarfort, 1996; Pérez-López et al., 2009; Salomons, 1995; Zouboulis et al., 1993) .
MATERIALS AND METHODS

Sampling
Field work in this study area was performed during 2009 (June and November) and 2010 (February, April and July). Previous studies based on boreholes from the studied area revealed an evident homogeneity in the pyrite ash (Gaspetro, 2010; Silva et al., 2010a) . Five samples of roasted pyrite ash (ca. 3-kg), one sample of the pyrite concentrate (ca. 3-kg), and four samples of phosphogypsum were collected from various locations in Imbituba City, Santa Catarina, Brazil (Fig. 1 ).
Due to inadequate disposal of the various by-products of the process, contamination of the pyrite concentrate and ash samples with traces of phosphogypsum may also have been included.
The samples were collected using a polypropylene shovel, and were subsequently transferred to clean polypropylene bags. All samples were dried at a temperature <40 ºC, homogenized, ground to pass 200 mesh (<74 µm), and stored in polypropylene containers in a dry system until required for analysis.
Analytical procedures
Representative portions (approx. 0.5 g) of each powdered sample were subjected to X-ray powder diffraction (XRD) analysis at the University of New South Wales using a Philips PW-1830 diffractometer with Cu K radiation. Scanning was carried out from 2 to 60° 2, with a step interval of 0.04° and a counting time of 2 seconds per step. The minerals were identified by reference to the ICDD Powder Diffraction File. Quantitative analysis of mineral abundance was carried out using the Siroquant™ processing software (Taylor, 1991) , based on the principles developed by Rietveld (1969) , using procedures discussed further by Ward et al. (1999) .
Sample digestion for total element concentrations was performed by accurately weighing 0.100±0.01g of size-reduced sample into a vial and adding concentrated HNO 3 acid before heating at 80°C overnight, the purpose being the digestion of reactive organic phases. This first hot extraction was then centrifuged, the supernatant being transferred to a volumetric flask and the solid residue placed back in the vial, where it was digested by adding HF, HNO 3 and HClO 4 concentrated and analytical grade acids, heating closed overnight and then evaporating, the purpose being the digestion of silicate and oxide phases. The dry residue was re-constituted with HNO 3 and MQ water to 100 mL of 5% v/v HNO 3 and stored in HDPE bottles. Reference materials (SARM 19, NIST SRM 1633b), duplicated samples and blanks were all prepared in a similar manner to check accuracy of the analytical and digestion method. The resulting solutions were then analyzed at the Institute of Environmental Assessment and Water Research, Barcelona, by ICP-OES, inductively coupled plasma optical emission spectrometry (Jobin Yvon Ultima 2), to determine the concentrations of major elements, and inductively coupled plasma-mass spectroscopy (ICP-MS; Perkin Elmer Elan 6000) for trace elements.
Field-emission scanning electron microscopy (FE-SEM, for minerals/particles between 0.5 and 80µm) and high-resolution transmission electron microscopy (HR-TEM for minerals/particles between 0.1 and 500nm) were used to provide direct (real space) visualization of nanoparticles in small amounts of each sample. The morphology, crystal structure, surface topography, and chemical composition of ultrafine minerals present in the pyrite ash, phosphogypsum, and concentrated sulphide were investigated using a Zeiss Model ULTRA Plus FE-SEM, with charge compensation for all applications on conductive as well as non-conductive samples, and a JEOL-2010F 200-keV HR-TEM equipped with an Oxford energy dispersive X-ray detector, and a scanning (STEM) unit (Silva et al., 2010b) .
Geometrical aberrations were measured by HR-TEM and controlled to less than a π/4 phase shift of the incoming electron wave over the probe-defining aperture of 14.5 mrad. EDS spectra were recorded in TEM image mode, and then quantified by the thin-foil method using ES Vision software to convert Xray counts of each element into atomic or weight percentages. Electron diffraction patterns of the crystalline phases were recorded in SAED (selected area electron diffraction) or MBD (microbeam diffraction) mode, and the d spacings were compared to the International Center for Diffraction Data (ICDD, 2010) inorganic compound powder diffraction file (PDF) database to identify the crystalline phases.
Suspensions for FE-SEM examination were prepared using hexane, acetone, dichloromethane, and methanol to prevent possible mineralogical changes in individual solvents (Silva et al., 2011; Cornell and Schwertmann, 2003; Ribeiro et al., 2010) . The suspension was stirred for ~1 min and subsequently pipetted onto lacy carbon films supported by Au or Cu grids (depending of particle composition in study). The suspension was then left to evaporate before inserting the sample into the FE-SEM and HR-TEM. The solvent dissolves the "binder" material and breaks up aggregates to provide physically separated individual particles amenable for placement on electron grids. This method may lead to agglomeration, but is a widely used procedure, with applications including analysis of metal sulphates (Giere et al., 2006; Quispe et al., 2012) . Before FE-SEM and STEM analysis, the TEM specimen holder was cleaned with a Gatan Advanced Plasma System (Model 950) to minimize contamination. A drift-correction system was used for the STEM-EDS mapping.
RESULTS
Mineralogy from XRD analysis
The mineralogy of the pyrite concentrate and roasted pyrite ash, as indicated by Siroquant processing of the X-ray diffraction data, is given in Table 1 . X-ray diffractograms of selected samples are given in Fig. 2 . (Table 1 and Fig. 2 ). Rao and Gluskoter (1973) describe coquimbite and szomolnockite as oxidation products of pyrite in coals from the Illinois Basin, developed after exposure to the atmosphere with storage. A similar process probably occurred in the sulphide concentrate of the present study at the waste disposal site. Based on studies of Santa Catarina coals by Oliveira et al. (2012) , the quartz and kaolinite in the concentrate were probably also present in the original coal cleaning rejects. The gypsum in the pyrite concentrate was probably originated from one or both of the following processes: (1) interaction between calcite in the coal cleaning residues and sulphuric acid produced by oxidation of the pyrite in the same material; (2) contamination from the phosphogypsum deposits also found at the site ( XRD analysis of the phosphogysum samples showed that this material consists dominantly of gypsum, with traces (<1%) of quartz and in some cases anatase. The phosphogypsum also contains a small proportion of material with the crystal structure of chukhrovite, although this cannot be quantified as that particular mineral is not in the current Siroquant database. For that reason mineralogical data on the phosphogypsum have not been included in Table 1 . Crystalline material with similar composition and XRD pattern to that of chukhrovite has been described in other filter cakes produced during manufacture of phosphoric acid (Frazier et al., 1977; Mathew et al., 1981) , formed by interaction of acid with phosphate ore. Rare earth elements (REE) and Y may also be incorporated into the structure of this material.
Major element chemistry
The concentrations of the major elements in the pyrite concentrate and ash samples inferred from the XRD data, based on the proportion and stoichiometric composition of the minerals, are listed in Table 2 . The observed concentrations of the major elements (except for Si) and the trace elements in all the samples studied, as determined by ICP analysis, are reported in Table 3 .
Iron is the major constituent of the roasted pyrite ash, with concentrations of 50 to 55%. These are equivalent to Fe 2 O 3 concentrations of between 73 and 78%. Minor proportions of residual sulphur (up to 3%, or up to 8% if expressed as SO 3 ) and Al (1-2%; equivalent to 2-4% Al 2 O 3 ) are also present.
The presence of S (0.5-3%) in the roasted pyrite ash indicates that, despite its iron-rich composition, this material cannot be reused in the metallurgical industry. The pyrite concentrate has a lower proportion of iron (25%) but a much higher proportion of sulphur (27%), together with a small proportion of calcium (3.8%). These are equivalent to 35.8% Fe 2 O 3 , 67.5% SO 3 and 5.3% CaO, respectively.
The inferred percentages of the various elements for the pyrite concentrate sample in Table 2 are of a similar order of magnitude to those determined for the same sample by chemical analysis (Table 3) .
The relatively minor differences in each case may reflect sampling inconsistencies, and also the inherent errors associated with the XRD analysis. The percentages of Ca and S inferred from the XRD data (Table 2) , especially the relatively high values for sample IM-10, are also similar to those of the respective samples determined by chemical analysis (Table 3) . However, the proportion of Fe for the pyrite ash samples is somewhat higher in Table 2 (56-65%) than in Table 3 (51-55%).
Silicon was not determined in the chemical analysis, due to volatilisation and loss of silica during digestion. However, the difference between the sum of the oxide percentages derived from the major element data in Table 3 (see above) and 100% suggests the possible occurrence of around 10-20% SiO 2 (4.7-9.5% Si) in the pyrite ash samples. Such a value does not seem to be consistent with the results reported in Table 2 , where the inferred percentage of silicon is less than 2%, or with the XRD data (Table 1) , which indicate 1.4 to 3.2% quartz in the pyrite ash samples. This might suggest the occurrence of minor proportions of amorphous (alumino)silicates along with the quartz. Although this is not evident on the X-ray diffractograms (Fig. 2) , amorphous aluminosilicate material has been observed by other techniques used in this study (section 3.2).
As might be expected from its mineralogy, the phosphogypsum samples consist mainly of Ca and S (Table 3 ). The percentages of these components are close to the stoichiometric percentages of Ca and S in gypsum (23.3 and 18.6%, respectively). Minor proportions (<1%) of Al, Fe, P and Ti are also present, probably associated with phases such as chukhrovite and anatase, and possibly hematite, at trace levels in the phosphogypsum material.
Trace element concentrations
The concentrations of various trace elements in the samples are given in Table 3 . For comparison, Table 3 also lists the range of element concentrations in Santa Catarina coal cleaning rejects (Silva et al., 2011) , and in roasted ashes derived from pyrite-bearing ores (Li and Qvafort, 1996; PerezLopez et al., 2009 ).
As might be expected, the roasted ash samples have relatively high concentrations of elements typically commonly associated with pyrite and other phases commonly found in coals (Finkelman and Gross, 1999) , especially As, Co, Cu, Mo, Ni, Pb, V and Zn. These elements are also relatively abundant in the pyrite concentrate (IM-05), but often have somewhat lower concentrations in the concentrate than in the roasted ash materials.
The roasted ash samples in the present study appear to have lower concentrations of a number of trace elements when compared to similar ashes derived from non-coal pyritic ores (Table 3 ). The concentrations of As, Bi, Cd, Cu, Pb, Sn and Zn, for example, are at least one order of magnitude lower than those reported for equivalent ore-derived materials (Lin and Qvafort, 1996; Perez-Lopez et al., 2009 ), whilst Co, Cr, Ni, Sb and V fall in the lower part of the ore-derived range. The fact that the samples in the present study were derived from a less pure pyrite (obtained from coal cleaning rejects)
probably accounts for the lower metal loadings, and therefore the environmental implications may be less significant. When compared to the relevant parent material, i.e. coal cleaning rejects reported by Silva et al. (2011) , it is apparent that the roasted pyrite ashes are particularly enriched in elements typically associated with sulphides in coal, e.g. As, Cu, Ni, Pb, Sb, Se, Tl and Zn (Finkelman and Gross, 1999 ).
The phosphogypsum samples contain much higher concentrations of a number of elements than the roasted pyrite ashes. These include Ba and Sr, which are probably associated with the very abundant Ca in the phosphogypsum, but also the REE and Y, as well as Hf, Nb, Th, U and Zr. Along with the Ca, Sr and Ba, the REE and other trace elements were probably derived mainly from the phosphate rock treated at the site, and not from the pyrite-rich feedstock used for acid production.
Although a roasted pyrite ash, sample IM-10 also shows somewhat higher concentrations of a number of these elements, with a ten-fold increase in Ca, P, S, Be, REE, Se, Sr, Ta and Y concentrations compared to the other roasted ash samples. The XRD data (Table 1) shows around 16% gypsum in this particular sample; together with the anomalous trace element concentrations, this suggests a greater degree of contamination for this sample by phospogypsum, compared to the other roasted ash materials.
As pointed out by Seredin and Dai (2012) , the rare earth elements plus yttrium (REY) play a key role in the manufacture of materials and products for a wide range of purposes, including electronic and optical equipment, superconductors, and electric power generation and storage facilities. Coals and coal ashes from particular areas, mostly in China, eastern Russia and Tajikistan, with high concentrations of REE, have been identified as potential economic sources of these elements (Seredin and Dai, 2012) , with recovery as a by-product of coal utilisation. Total REE concentrations in coal ashes reported by Seredin and Dai (2012) are up to 8000 ppm, but are mostly between 1000 and 2000 ppm. The total concentration of REE in the phosphogypsum samples of the present study is around 5000 ppm, with the light REE, such as La, Ce, Pr and Nd, having the highest concentrations. The occurrence of the REE in a gypsum-based material, moreover, may allow lower-cost recovery than from silicate-rich coal combustion products. Such recovery, if technically and economically feasible, may provide a basis for beneficial use of the phosphogypsum residues at the Santa Catarina site, although further evaluation of the possibilities is beyond the scope of the present paper. (Silva et al., 2010c (Silva et al., , 2011 Oliveira et al., 2012) . With the exception of the minerals indicated for the respective samples in Table 1 (e.g. pyrite, gypsum, hematite, magnetite, jarosite), most of the phases in Table 4 are at concentrations well below the limit of detection by XRD techniques.
MINOR PHASES AND NANOPARTICLES IN PYRITE AND PYRITE ASH
SAED/MBD and especially FFT were used to provide more specific identification of phases in processing of the phosphate ore, as apatite-rich rocks often contain monazite ( Figure 6B ). Such a process would result in the formation of the rare F-bearing and REE-bearing nanominerals and ultrafine particles, either crystalline or amorphous, which may pose serious problems for safe ash utilization and disposal.
Elements and nanoparticles in mineral phases
The electron beam methods used in the present study also provide further information on the occurrence and speciation of potentially hazardous elements that may be incorporated (often at very low concentrations) into the structure of some of these minerals. For example, the nanopyrite grains detected by HR-TEM/SAED/EDS in sample IM-05 were found to contain rounded crystalline and/or amorphous nanoparticles consisting of As (2.3-4.9 wt%), Cu (1.5-2.6 wt%), Hg (0.7-1.8 wt%), Ni (0.8-1.5 wt%), and Se (1.4-2.9 wt%).
The roasted pyrite ashes contain abundant hematite and magnetite, mixed with a carbonaceous matrix ( Fig 3A) . This fact is coming from our EDS spectrum result and this assemblage is consistent with heating pyrite-rich coal cleaning rejects as part of the sulphur extraction process. FE-SEM and HR-TEM/SAED/MBD images and supporting EDS data indicate the presence of additional fine crystalline phases, such as Fe-rich oxide or spinel. Fast Fourier transform (FFT) and spectroscopic techniques (e.g.
electron energy-loss spectroscopy and EDS) have been used to support the identification of many nanominerals in the pyrite ashes. For example, Figure 3B shows spherical nanohematite identified in sample IM14. A complex assemblage of this Fe-oxide with residual amorphous silicate can be observed ( Figure 3B ). It is worth mentioning the ability of this assemblage system to retain Mo and Cu in the particle/mineral structure.
Traces of nanopyrite (Fig. 4A) and nanosphalerite (Fig. 4C ) have been identified in residual particles of non-oxidized sulphides, along with Fe-nanosulphate (e.g jarosite ( Figure 4B ) and schwertmannite), and Fe-nanohydroxides (mainly minerals of the gibbsite, brucite, and goethite groups, containing As, Cd, Cr, Pb, among other elements) appear as accessory minerals. The typical high porosity of these wastes (Kawatra et al., 2002; Pérez-López et al., 2009; Rutherford et al., 1994; Silva et al., 2010a; Zielinski et al., 2010) favours continuous atmospheric oxygen uptake and the release of metals associated with sulphides (oxidizable fraction), which also precipitate as sulphate salts (e.g.
ultrafine jarosite pseudomorph in Fig. 4B ).
Sphalerite ( Fig. 4C) , kaolinite (Fig. 5A) , and nanospheres containing quartz (Fig. 5C ) are also present. Many of the glassy aluminosilicate spheres have a partial or total C-based nanocoating (Fig.   5B ). These aggregates are typically between 2nm and 1µm in size, although smaller soot aggregates (<1nm) were also found in the pyrite ash samples showing interaction with nanohematite crystals .
Abundant heavy metals and metalloids, such as As, Cr, Cu, Co, La, Mn, Ni, Pb, S, Sb, Se, Sr, Ti, Zn, and Zr, at concentrations up to 5%, are indicated by the EDS data in individual nanoparticles and nanominerals (e.g. oxides, sulphates, and clays). These elements appear to be bound to the nanominerals concerned. In particular, the Al, C, Ni, Mg, and Zr-bearing particles are typically sub-micron in size (250-350 nm) and spherical in form. The chemical composition and morphology of the sub-micron spheres identified in the pyrite ashes (e.g. Fig. 7A ) reveal the common presence of aluminosilicate glass, ferrian spinel, hematite, kaolinite, magnetite, mullite, and quartz.
The primary ultrafine particles generated directly from this industrial process are mostly submicrometer (0.1 to 700 nm) agglomerates of amorphous solid phases containing several hazardous elements (Figs. 6A and 7) . They include nanominerals and ultra-fine particles containing As, Cd, Cu, Mo, Pb, Se, U, and many other elements. In addition, an As-bearing phase has been identified in many of the pyrite ash pellets, occurring as nano-scale particles at the grain boundaries of feldspar crystals in the pyrite ashes. The surrounding areas of aluminosilicate glass consist essentially of Al, Fe, Mg, Si, Ti, and Zr (as well as low concentrations of hazardous elements e.g. As, Mo, Pb, and Ni). The Fe-FEM/EDS and STEM images clearly demonstrate that at least some of the amorphous nanoparticles, such as the Fe-aluminosilicate particles shown in Figs 6A and 7, posses a heterogeneous microstructure in which Fe, Al, Si, hazardous elements, and radioactive elements (in the case of inappropriate phosphogypsum disposal) are not uniformly distributed.
Samples IM-10, IM-11, and IM-14 have higher concentrations of volatile elements (i.e. As, Hg, and Se) compared to other roasted pyrite ash samples. This enrichment could be related to the carbon/char content. Elements such as As, Cs, Mo, Pb and Sb could be present as condensates on the surface of the aluminosilicate spheres and amorphous ultra-fine particles (Fig. 6A ) from pyrite ash (IM10 and IM 13 respectively). A similar association has been reported in previous studies on coal-fired power stations (Hower et al., 2008; Silva and DaBoit, 2010) . Hower et al. (2008) noted that As, Hg, Se, among other elements, were present in 5-nm metal entities within a fullerene-like carbon in a coal fly ash derived from Kentucky coal, demonstrating the potential for such associations in coal fly ashes derived from low-to medium-C and S coals. In the present study As, Ga, Ge, Hg, Mo, Pb, Se, Sn, Tl, V, W, among other elements, and Zn compounds may be emitted to the environment during pyrite ashes formation.
The HR-TEM images, EDS, MBD, FFT, and SAED patterns of the most abundant hazardous volatile elements and nanoparticles in the roasted pyrite ashes show a significant distortion of the Asrich matrix in the vicinity of the crystalline nanoparticles, with a sharp boundary between the ordered and distorted areas. Recognition of amorphous nanoparticles in residual pyrite ashes from the ICC process suggests that other nanoparticles observed in these by-products could have formed as liquids.
This is contingent on their thermal stability, which, in turn, is directly related to their chemical composition because As, Cu, Hg, Ni, and Se can produce phases with low melting temperatures. These results suggest that element-rich nanoparticle-bearing minerals and nanominerals contain amorphous inclusions and porosity that may have changed their composition and form during heating when sulphuric acid was produced from the pyrite.
IMPLICATIONS FOR HUMAN HEALTH
Anthropogenic nanoparticles are receiving increasing attention due to their unique role as agents of elemental transport and their increased reactivity in geologic systems (Chen et al., 2004; Hochella et al., 2008) . The behaviour of mineral nanoparticles from pyrite ash in anthropogenic systems is still not well understood, due to a lack of experimental data on their physico-chemical properties. The fine submicrometer to ultrafine size of such particles enables heavy metals to penetrate deeply and easily into the respiratory tract, and translocation of insoluble particles into tissues and the vascular system. Since ultrafine particles are much more inflammogenic per mass dose than larger-size particles (Brown et al., 2001) , the inflammatory response of the observed heavy metal particles may be significantly higher than that expected from bulk elemental concentrations (Utsunomiya et al., 2009) . Less pronounced sizeeffects are expected from the 0.1-100 nm size trace metal particles in the pyrite ashes that consist mainly of As, Cr, Pb, Se, Sr, Sn, and Zn, among other hazardous elements.
The pyrite ash in the present study contains considerable concentrations of nanopyrite (Fig. 3A) , which has been shown to spontaneously generate hydrogen peroxide (H 2 O 2 ) (Borda et al., 2001; Cohn et al., 2005) and hydroxyl radicals (•OH) (Cohn et al., 2004) when in contact with in water (e.g. rain). The formation of these reactive oxygen species (ROS) also accounts for recent observations of aqueous pyrite slurries degrading yeast RNA, ribosomal RNA, and DNA (Cohn 2004 ). In addition, pyrite is thought to form H 2 O 2 through the iron-catalyzed Haber-Weiss reactions. Water contact in conjunction with atmospheric exposure promotes sulphide oxidation (Devasahayam, 2006; Weber et al., 2006) , and consequently the oxidation of pyrite may release to the environment the trace pollutants hosted, typically
As, Hg, Se or Pb, among others (Finkelman, 1994) .
Anthropogenically generated dust, such as that arising from the abandoned sulphuric acid production industry which is the focus of the present study, can result in significant injections of nanominerals and ultrafine particles into the environment. The high-spatial-resolution methods of the present study, using FE-SEM and HR-TEM as the primary probes for both geochemistry and structure, have enabled evaluation of fine-grained particles and potential nanominerals. Sub-micron iron-bearing minerals (especially hematite and magnetite, see Figs 4 and 5B) resulting from anthropogenic activities are of particular interest. Hematite and magnetite particles are known to have a wide range of geochemical reactivity (Madden et al., 2006) , including adsorption of ions such as phosphates and arsenates (Waychunas et al., 2005a,b) , photochemical reduction in aqueous solution (Sherman, 2005) , heterogeneous catalysis (Feng et al., 2004) , and acceptance of electrons from microbial respiration.
However, hazardous element distribution within individual waste particles is not homogeneous. Such some Fe-oxide nanoparticles exhibit highly crystalline characteristics (e.g. hematite), as confirmed by HR-TEM images in which electron diffraction patterns of the crystalline phases were recorded in SAED and FFT (Fig. 3B) . They also contain metal-rich and absorbed/condensed sulphur compounds (EDS pattern in Fig. 4B ), radionuclide elements when phosphogypsum is present (Fig. 6B) , and deleterious metalloids (e.g. As) and metals (Cd, Fe, Mg, Pb, Ti, and Zr) . The speciation of Pb in the pyrite ashes is crucial with respect to its potential health effects (Mejía, 1997; NLM, 2003) . In this work, the principal Pb-phases identified by FE-SEM, HR-TEM, EDS, FFT, SAED, and MBD include Pb-oxides at sizes of < 10 nm (e.g. massicot, Table 4 ), Pb-sulphate (e.g anglesite as isolated particles ~50-300 nm in length), Pb encapsuled in carbonaceous matter, abundant amorphous minerals, and a Pb-As phase (in a ~25-nm particle). Almost all the identified Pb-bearing phases are in the respirable particle size category. Our results emphasize the need for detailed single-particle characterization of anthropogenic nanoparticles and secondary nanominerals emitted from the sulphuric acid production industry based on pyrite utilization.
CONCLUSIONS
The results of the present work provide evidence the complexity of the chemistry and mineralogical composition of nanoparticles in abandoned sulphuric acid industry by-products. Iron-rich nanoparticles often contain high proportions of toxic elements such as As, Se, U and others. A number of elements, such as As, Cr, Cu, Co, La, Mn, Ni, Pb, Sb, Se, Sr, Ti, Zn, and Zr, were found to be present in individual nanoparticles and nanominerals (e.g. oxides, sulphates, clays) in concentrations up to 5%.
Further research will include an in-depth assessment of evaluate the solubility of these residues, with views of a study on the toxicological risks for lung DNA and cells of human beings and other organisms likely to be exposed to them. In addition, the reductions in mobility, toxicity, and bioavailability associated with sorption, combined with the enhanced uptake expected of nanophases, provide considerable incentive to further explore the role that nanoparticulate minerals play in the attenuation of contaminant species in the environment. Future work will improve the conditions that would optimize this retention, and assess the possibility of reusing pyrite ashes as sorbents. Table 3 : Chemical analysis data for pyrite concentrate (IM-05) and pyrite ash samples. Range of concentrations are also indicated for coal cleaning rejects from Santa Catarina (Silva et al., 2011) , and for ore-derived roasted pyrite materials (Li and Qvafort, 1996; Perez-Lopez et al., 2009 
